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Theboundarylayeralongthewallsofa shockttieinducespressure
andvelocitygradientswithinthecoreofpotentialflow. Thesenonuni-

y formitiesareevaluatedhereinforshocktubesinwhichtheboundsry
~ layeristhinrelativeto thetubedismeterandiseitherwhollylaminar

orwhollyturbuLent.Thehotgasregionbetweentheshockwaveandthe
centactsurfaceisconsidered.Boththeaxialdistributionsat my ti-
stantandthetemporaldistributionsat anyaxial.positionwitlrlmthisa regionsxefouud. Numericalcomputationssz’epresentedforan air-air
shocktfie.

INI!ROIXJCTION

Themmlysisofreference1 obtaimtheflowperturbations,dueto
Unsteady-bomdsry-layeraction,imnediatelybehindtheshockwaveina
shocktube. M thisreportthemethodtillbe extendedtofindtheflow
perturbationsintheentireregionbetweentheshockwavesudthecon-
tactsurface.Theseperturbationsareof interestwhenexperimental
shock-tubedataareanalyzed.As h thepreviouswork,theassumptions
aremadethatthebound&u’y-layeractionisequivalentto a one-
dimmsionaldistributionofmasssourcessndthattheexpansionwavehas
zerothiclmess.Numericalresultssreobtainedform air-airshock
tubeforwhichtheinitialtemperaturethroughoutthettieis520°R,
thewallboundarylayeriseitherwholJylsminsrorwhollyturbulent,
andtheshock-tubewallremainsat a temperatureof 520°R. Thespatid
andtemporal.variationsinthehotgasregionarepresentedgraphically.

A theoreticalstudyoftheperturbationsinthehotgasregionbe-
tweentheshockandthecontactsurfaceisreportedh reference2. The
limitationsofthemethodofreference2 arediscussedinreference1.

. A comparisonofsomeoftheresultsofreference2 withthoseofthe
presentreportismadeinthebodyofthisreport.Itmightslsobe
notedthatthemethodofreference2 isalsoappliedinreference3 to. estkte theperturbationsintheexpansionfanof a shocktube.
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JU’WLYSIS

Perturbations

Inthefollowingsnalysis,familiaritywithreference1 isassumed.
Theregionbetweent~eshock&ve andthe&ontactsurfaceisconsidered. g
Thepe~urba.tionatanarbitrarypetitinthisregion(pointd(x,t) in %
fig.1) isfoundby sumningthepressureimpulseswhicharriveatthat
pointfromboththeleftandtheright.~is summationrequkresan in-
tegrationalongallthoseclumacteristicsinfluencingpoint d(x,t).The
characteristiclinesconsideredhereinareindicatedinfigure1. Ex-
pressionsforthesecharacteristiclties- givenby thefollowingequa-
tionsintermsof E,7. Theeqmtionsfor US’C- ~, includedtherein,
willbe usefulinlaterdevelopmentsinthisreport.
inappendixA.)

(-01s aredeftied

C!haracteristic

bd

ab

bc

lines:

x- E=(a2+Ll J( t-d

l+%-% 1 (la)

(lb)

(lC)

(id)
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Followingthemethcdofreference1,the
sureperturbationatpointd inregion2-
fromtheleftis

{hot

1
1
1

3

(le)

@f)

J (lg)
+u~t-x

contributionto thepres-
gas] fromwswesarrivtig

p EC

boundarylayer.
tioncoefficient
regions2 snd3.

Theintegandis,h eachcase,thevetiicalvelocityattheedgeofthe
CoefficientsC and D are,respectively,thereflec-
andthetransmissioncoefficientattheinterfacebetween
Theyme derivedin=erence 1, appendixC, andeqti:

r32a23- 1
c = r32a23 + 1

D= 2
T32a23+ ~

}
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arrivingatpetitd fromtherightcontributea pressure

p%

Thereflection
appendtiC, as

Thecontributions
c smd~ =e shown

+E
G %
.+ EC!-–+EDd- (4)
d c! ab

coefficientE attheshockisdefinedinreference1,

E=

to &;,d

(5)

ad @;,@ framwavesreflect-edatpoints
tobe negligibleinreference1. .

.

1+
N
OJ
(n

Thelimitsofthetitegralsinequations(2]and(4)aretheend
potitsofthecharacteristiclimeseggnents(eqs. (1)). Theymaybe
evsluatedintermsofthecoordinatesx,t atpointd asfollows:

a43x- (1+ ~)a4t
a Ea= l+~+a43

)
\

(l+qt-:
‘ca = l+~+a43 J (6a]

*.

.
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(6g) .=

Theverticalvelocityattheedgeoftheboundarylayerisex-
pressedinreference1, a~dixes D andE, as

()u; l-n2

z

()

‘2 ‘2v2=-L2— —
~-~

1

(region2)UST- ~

us

()()

(7)
U: l-n3

n3
G V3

V3 =L3— U3 a4r+ ~ (region3)
l+—a4

ThetwocoefficientsIJ2and L3 areevaluatedinreference1 forboth
whollylaminusmdwhollyturbulentboundsrylayers.Thetidicesn2
and n3 are1/2forlsminarboundaryl~rs and1/5forturbulent
bowmisz’yl~eI?S ,

k—

.
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Theuseofeqpations
theintegralsinequation

7

[
6)ad (7]leadsto thefollowingvaluesof
2]:

r~= *2P2 1
la-——%2d 1-% ‘2d*

(m))

(&)

(E@
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E

(8f)

%@3~ 3
‘-

n304~ ( )1-n3(%3)1-n3

-1

x

(8g)

Undertheasswnptionstkt theboundarylayeriswhollylsminaror
whollyturbulent(nz= n3s n),thetwopressuredisturbancesbecome

..

.
—

-.

—.

.

.
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Snd.

Thecompletepressure
obtainedfromeqpation(9)

(9a)

sudvelocity
accordingto

l-n

x

1
+—u6t

x

4 2,d= @;,d + @;)d

+

perturbationsatpointd are

Au C&‘42,d= — ;,d- 4;,J

(lOa)

(lob)
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Otherperturbationquszrbities,
foundby themethodsindicated
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-
suchas t~eratureenddensity,csnbe
inappendixB.

.

~ axialdistributionsoftheperturbations42 d and ~ ~ at
anyinstautoft- arepresentedinfigures2 ead3 f& severaln&minal
shocknuuibers.An air-airshocktubewith T1 = T4 = 5200R smdwholly g

leminarorwhollyturbulentboundarylayersisconsidered.Thewalltem- $?
peratureisassumedto rematiconstantat 520°R atallthes. Theratio
ofspecificheatsT smdthePrandtlnumberweretakenes1.4and0.70,
respectively.b eachcasethecurveisnormalizedtothevalue 42,0
(or ~ o),whichisthevslueoftheperturbationimmediatelybehind
theshoc~waveatthetitantoftimeunderconsideration.b usingthe

/plOtS of @2,d 42,CIJforexsmple,thenumericalvalueof 42 0 may
be obtainedfromegzations(9)and(lOa)evaluatedat x = ~t.’ A non-
*S ionalplotof 42 0 isgiven3XIreference1 forsm air-airshock .

tubeandisreproducedI&e forconvenienceinfigure4. Ifenexperi-
mentalobservationofshockattenuationismade,42 0 canbe determined

directlyfrantheexper=ntaldata(see,e.g.,appe~tiB).
.

Thenfig-
ure2 shouldyieldaccurateest3matesoftheaxialvsriationofpressure
betweentheshockandthecontactsurfaceatthefixedinstantoftti.

Ifequations(9a)and(9b)aremultipliedby (ust/x]l-n,theyare
broughtintoa formwhichgivesthevariation,withthe, ofthepertur-
bationsata fixedsxialstationx (a~endixB]. Thisformisof inv
terestwhenaerodynamicmeasurementsaremadeat a ftiedstationinthe
shocktxibe.If-ricalresultsarepresentedinfigumes5 sud6 (forthe
air-airshocktubedescribedinconnectionwithfigs.2 end3). The
abscissaisthedimensionlesstimemeasuredfromthepassageoftheshock
pastthefixedstationunderconsideration.Thecurvesterndnateatthat
timeatwhichthecontactsurfacepassesthestation.b figures5 and
6)42,0 isthepressureperturbationdirectlybehindtheshockatthe
instantitpassedthefixedstationbeingconsidered.Thenumerical
VtiU.eof 42,0 canagainbe determinedby themethodsdescribedin
appendixB.

!&picalresultsof thepresentanalysisarecomparedwiththoseof
reference2 infigure7. Thetemporalvariationofpressureat a fixed
stationM an air-airshocktubeisshowntherein.Thetemperaturesare
T1= T4 = 520°R; the=ial positionis8 feetandthehydraulicdismeter

d = l/7. Thesolidcurvesarebasedonequations(9). Thedashed
.

curvesarefromfigure8 ofreference2. It isseenthat,fortherange
ofMachnumbersconsidered,themethodofr-eference2 predictsa greater -
incrementoftheperturbationpressureinthehotgasthandoesthe
presentmethod.Forexsmple,considerconditionsatthecontactsurface
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for P21= 3.4. ~ ratio &2, d/42,0 eq~ -0.2by’themethodof
reference2 andequals0.2by thepresentmethod.Thisrepresentsa* discrepancyofa%out40percentintheperturbaticmq-tity &12,d/&2,o.
Thelimltationsofthemethodofreference2 arediscussedh reference1.

WeakShocks

coco
N
=$

Ifthessm gasisusedinregions 1 and4 (Tl= T4)atthesame
initialtemperature(Tl= T4),andiftheboundsrylsyersarewholJy
turbulentorwhollylem5nar(n~= n3),th, forweakshocks(Ms= 1,
~ << 1)thepressureandveloci~perturbationsmaybe foundinterms
ofthesingleparsmeter~.

By usingtherelation

whichmy be obta3nedfromtheidealshock-tuberelations(asgivenz
e.g.,inapzendixG ofref.1),thetransmissionsndreflectioncoeffi-
cientsarefoundtobe

Also,

’32= V32= a32=l+O(MJ
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Byneglectm higher-ordertermsh ~, equations(9a)and(9b)become,
respectively,

1 -n 4$ d

2r2ql@1-” ‘2

1

(l-la]

validfor ~ < x/u~t< 1. (me point x/u~t= ~ Correspmlaatothe

contactsurface.) Equtims (K!.)fo3Jmwfromeqmtions(9)by neglect-
ingthetermcontatitigC inequation(9a)andtheterm containtigE
inequation(%). Thepressureandvelocityperturbationsinregion2
(eg.s.(lOa)and(b),respective~)arenowfoundtobe 1

L
(12a)

Thelimithgforms(12a)snd(12b) areshowninfigures8 and9,
respectively,forthee v~ues of ~ ●

Theaccuracyofthelimiting 4

fomnsisindicatedby comparisonwiththedashedcurves,whichwereob-
tainedfromeqpatiom(9)snd(10)for % = 0.2(~ = 1.1328).The
correspondingtimeplotsareshowninfigures10 smd11..Theysxeob-

,ti

tati- astheproductsofequations{12)and(ust/x)l-n.
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DISCUSSION0?RE8t%G!lS
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Thenumericalresultsofthepresentsaalysisarepresentedh
graphicfonninfigures2 to 11. Thenormalizedratios4 /2,d42,0

izedratiossre-positiveornegative,thenmneratorisnegativeor osi-
tive,respectively.TheratiosAp2J Ap2,~
and AU2,~Au2,0 arel.esswhenvari&ions
with x at a ftied t sreconsideredthan
whenvsriationswith t ata fixed x (ex-
ceptat x/ust= 1) areconsidered,since

42 0 ~d %,0 erelargerfortheformer
tha&forthelatter(seesketch).There-

8 x suitsforwhollylaminarboundarylSyerS ex-
hibitthesametrendsasthoseforwholly

turbulentboundaryl&JEl?S , although the in~vidualperturbationssreless. forthelsminarcase{ref.1). Hence,onlythetrendsoftheturbulent
boumdsry-1.ayerresultswillbe discussedherein.

Forweakshockstheratio42,~Ap2,o variesfrom1 attheshock
tonearlyzeroatthecontactsurface(figs.8(b)and10(b)).Thus,
thepressurenearthecontactsurfaceremains nearly at theideal(i.e.,
no-attenuation)value. [‘e ‘atio‘2,d %,0 ‘=ies ‘m = at ‘k
shockto a substantialnegativevalueatthecontactsurface(figs.9(b)
andn(b)). Thusthevelocityperturbationatthecontactsurfaceis
positiveandthecontactsurface“speedsup”becauseofthewallboundary
lsyer.Thisisobservedexperimentallyinreference4.

Withincreasesinshockstrength,thevalueof @2.d/Ap2.o attk
contactsurfacealsoincreases(figs.2(b)and5(b)) so~hata’consider-
ablepressuredecrementexistsat thecontactsurface.Forstrongshocks
(Ms= O(6))thepressureperturbationatthecontactsurfaceisofthe
seineorderofmagnitudeasthatbehtidtheshocksothatthepressureis
fairlyuniforminregion2. Thisresultis inqyalitativeagreemmttith
theunpublishedexperimentalmeasur=ntsof J. J. JonesoftheLangley
laboratory,inwhicha relativelyconst~tpressureregiondirectlybe-
hindtheshockisnoted.Withincreaseof ~, thevalueof ~, ~&2, o
atthecontactsurfaceultimatelyincreasesto a valueof aboutO for*
~ = 6 (figs.3(b)and6(b]).Thusfor ~ = 6 theccmtactstiace
movesat approximatelytheidealvalue.However,sincetheshocksped

. isbwer thanideal,dueto attenuation,thespeedofthecontactsurface
relativetotheshockisgreaterthanthatpredictedby idealshock-tube
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theory.Thiseffecttendsto reducetheavailabletesttimewhenex-
periments=e conductedat a ftiedstationM a shocktube.Moreomr,
thisresultsina mibstsntialvariationofvelocityinregion2 despite P
thefactthatthepressurevsriationisrelativelysmall.

Thepreviouslynotedresultscanbe explainedonthefollowing
physicalgrounds. Theboundaryl.qyerinregion3 generateslongitud~ %

$compressionwaveswhilethatinregion2 generates~snsion waves(ref.
1). Theneteffectofthesewavesisto attenuatetheshockaadescribed
inreference1. Theshockattenuationdeftiestheperturbationsat one
limit(x/r@= 1)ofregion2. Thevariationoffluidpropertiesbetween
theshockandthecontactsurfacecanthenbe estimated(approx.by con-

1siderationofconditionsnearthecontactsurface(x/~t= ~/~ .

Forweakshockstheperturbationsnesrthe_contactsurfsceare
mainlydueto thecharacteristicMnes abend&i (seesketch).Thein-

tegrationalongltieabcontributes,at ●

t petitd, a compressionwavemovinginthe
h +~-~ection. Thetitegrationalongline

Region3 dd contributessmexpansionwavemovingin ‘
the-x-dtiection.Foranair-airshock
tubewithsmalltiitialpressureratio,
thesepressurewavesareapproxtitel.yof
equalandoppositestrengthsothatthe

a ressureperturbationscanceleachother
Ieq.(lea))wtie theccmrespond~veloc-

~ ~ ityperturbationsexeadditive(eq.(lob)).
Thusforweakshocksthepressurepertur-

bationis ess~tiallyzeroatthecontactsurfacewhilethevelocity
perturbationhasa substentialpositivevalue.Otherperturbatimqm-
ti.tiescenbe readilyfoundby usingappendixB.

Now,considerthecaseofenati-airshocktubewitha veryhigh
initialpressureratiosothattheshockstrengthislarge.It canbe
shownthatregicm3 (i.e.,characteristiclineab)makesonlya small

!
t
Region3 /

contributionto thepertur-
bationsatpointsnearthe
contactsurface.Thisis
primarilydueto thefact
thatthetransmissioncoeffi-
cientD atpointb (i.e.~

tioofthewavetrsmmitted
intoregion2 tothetici-
dentwavearrivingfrom .

region3)a~maches zero
forthestrong-shockcase.
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.
Thustb_majorcontributionto the
linesddandc%. Theintegrations.

perturbations
of V2 along

15

isdueto characteristic
linesda sndcb arevery

nearlyequalwhenPOtitd isnearthecontactsurface.However,thecon-
tributionofltiecbtopointd isfoundby multiplyingtheintegral
alonglinecbby thereflectioncoefficientC (i.e.,C s ‘p~,b/&~,b ‘s
theratioofthereflectedto theincidentwave,inregion2,atpetit
b). But C approaches1 forstrongshockssothatthepressurepertur-
bation_atpointd, dueto linecb,isverynearlyequalto thatdueto
Une dd. Hawever,sincethecontributionoflinecb isa wave_r&vimg
inthe+x-direction(duetoreflectionatpointb) whilelinedd contri-
butesanapproximatelyeqyal.pressurewavemovinginthe-x-direction,
thepressuresareadditive,buttheresultingvelocityperturbationis
nesrlyzero.As a resultthepressuredecrementatthecentactsurface
isofthesameorderasthatbehindtheshock,butthevelocityofthe
centactsurfaceremdnsat essentidly theidealvalue. (Thelatter

. resultcouldalsobe deducedby notingthattheacousttcimpedanceratio
P3a3/P2a2= T~2/T2a3 isveryhi@ sothatthecontactsurfacetendsto
be a constsnt-velocityinterfaceandatthepressurehposedby regim 2.)?

Theperturbationsat a fixedstatimx forthecaseof a strong
shockisdiscussedfurtherinappendixB. It isnotedtheretithat,
duringthetim=titerval.betweenpassageoftheshockandpassageofthe
contactsurface>AP2,d/@2,0 remainsat about1,Au2,~Au2,o varies

*2 d P2 ~ LSc2dp2
— variesfrcmO to

P2 42,0 ~~ T2 — vsrtesfrom1
42,0

~ W&d 3?2 rl-1
— variesfromO to

% 42,0 - ~“
lh interpret-

hg theseresults,itshouldbe notedthat 42 0 snd AU2o areneg-

ative. Thus,thereisonlya slightincrease~ ~,d, ~~ &2,d re-
matisessentiallyconstant,duringthecourseofanexperimentemploying
anair-airshocktubeatlm?gepressureratios.

CONCLUDINGREMARKS

Thecalculationswhichhavebeenmadehereinareof useinseveral
kindsof shock-tzibestudies.Rrobably,themostimportant~lication
isthepredictionofthevariationoffree-streamconditimsata sta-

● tionarymodel(orinstrument)utilizingthehotgasregionof a shock
tube. IXtheshockttieistobe usedforthestudyofbounda~-lsyer
stabilityor dissociationeffectsonthedevelopmentoftheboundary

. layerbehindtheshock,thenthenonunifozmitiesderivedhereinarealso
of interest.
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Thelimitationsofthepresentmethodsrethesameasthosedis-
cussedinreference1. Theuseof a zero-thiclmessexpansionwaveis
validforsmall“pressureratiosbutbecoms inerrorforlargepressure

.

ratios.However,forverylargeyressureratiosthecontributionsof
region3 (toconditionsinregion2)srenegligibledueto theacouatic-
hpedaacemismatchatthecontactsurface.Hence,itisonlyforinter-
~diateshockstrengthsthattheuseofa zero-thicknesse~smsionwave
islikelyto titrottuceerrors.Theassumptionthattheboundarylayer
generatesonlylongitudinalwavestitroducesa steepgradientofthe
perturbationquantitiesdirectl.ybehtidtheshock(e.g.,fig.2]. (This
isduebothtothesingularnatureoftheboundarylayerandtothe
assum@ionofone-dimensionalflowwitti”thepotential-flowcore.) The

gradientissteeperforthelaminsrc~e (whenV2 hasa ~-ordersingu-

laritydirectlybehindtheshock)thanfortheturbulentcase(whereV2

hasa ~-ordersingularity).If thethree-dimensionalnatureoftheflow .

istskentitoaccount,thesteepgradientbehindtheshockwouldbe ex-
pectedtobe scmewhatmodified.In~erimental.studiesoftherelsx-
ationeffectss.asociatedwithstrongshocks,itmaybe necessaryto dis- V

tin.guishbetweentheperturbationsdueto relsxationeffectsandthose
due-tothewavesyst~ titroducedby

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteefor

Clevelsnd,Ohio,April12,

thewallbcundaryl~er.

Aeronautics
1957
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APPENDIXA

EWMBOLS

speedof sound

reflectioncoefficientat interface,eq.(3)

specificheatat constantvolume

transmissioncoefficientat interface,eq.(3)

hydraulicdiameter,ft

reflectioncoefficientat shock,eq.(5)

%. (7);ref.1, appendixesD andE

Machnumiberofflowrelativeto wall.

l&chnumberof shockwaverelativeto

eq.(7);ref.1,appendixesD andE

pressure

temperature,%

time,sec

WELL

velocityof shockwaverelativetoWW

velocityinregion2 relativetowti

verticalvelocityat edgeofboundarylayer

longitudinaldistancefrcmdiaphra~

ratioofspectl?icheats

perturbatimfrm ideal(noattenuation)shock-ttieflow

ktiem.aticviscosity

integrationvariablerepresentingx

=5 S density
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a,b,...
--
a)b,”~.
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*
integrationvariablerepresentingt

.
pointsoncharacteristiclines(fig.1);pointd isanarbitrexy
pointinregion2

Subscripts: 8?

a,b,”..
-- pointsin x,t diagram(fig.1);subscript2,drefersto
a,b,””” .azbitrarypointinregion2

0 conditionat shockwave;subscript2,0refersto conditionsh
region2 directlybehindshock

w

1,2,3,4 regionsofshocktube(fig.1)

SupeHcri.pts:

+,- associatedwithwavesmovingin+ or - x-direction,
respectively

Specialnotation:

a43= a4/a3;’32EL#$”””

separatedby a cmmna,

twosuccessiveintegersubscripts,not

representa ratio

●

r

.—

.

.
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9

~CINS IIJREGION2

UsefulexpressionsrelatingtheTerturbationquad ities in region
2 arederivedherein.Theperturbationsrepresenttb dezma%urefrom
theideslconditionsthatwouldexistinre~ion2 if the&l boundary
layerwerenot present.A perfectgasis assumedsothat T2 = T1.

Underideal
shockrelatims

PerturbationsDirectlyBehindShock

conditims,regions1 and2 srerelatedby thenormsl-

where ~ istheshock
ditionsdirectlybehind
expressedss

(Bl)

Machnumber. Iftheshockisperturbed,con-
theshock(desi@atedby stiscript2,o) canbe

.

.
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~z,o @2,0 42,0 (Equationof state~
‘2 ‘P2-P2

~z o 42,0 ~2,0
= P2 ‘r P2

(Y1- 1)(% - 1)242,(

= #[(Tl - l)% + 2] P2

where As2,0 is the entropy

Entropy

Theentropyiscaastant
dependingonthestren@hof

t

(B2)

perturbation.

VariationinRegim 2

fora givexiparticletiregion2, thevalue
theshockattheinstanttheparticlepassed

i /Contactsurface
/

/

/ hock
/

/
/

-x

throughit. A particleat
region2 passedthroughthe
at xA}tA where

1
UstU2

-——
‘A x us
—=.- .. )JL

1
%-—
‘s

x U2

—=
t U2

l-Z )

X,t in
shock

(B3)
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Theentropyof a particle at x,t is then given by

ZL

(B4)

Forweekshocks,equatim(B4)isof theorderof (Ms- 1)3endtheen-
tropyvariationsarenegligible.The=tropyperturbationsdo notin-
teractwiththelongitudinalpressure waves, to theorderofthepresent
analysis,sothateachcanbe consideredseparately.

ParametricFormofPerturbationSolutions

Forwhollylaminarlmundarylayers(n= 1/2) orwhoUy turbulent
. boundsrylsyers (n= 1/5)throughouttheshocktube,thelocalpertur-

bationofanyquantityin region2 (desi~atedby A( )2,d) canbe ~-
pressedinthefo?ms.

(B5)

‘re <a”(4%s. ~;Theformofequati~(B5)esnbe de-

ducedfromeqwtione(9). Thefunctionf $$ canbe interpretedas
s

()
thevariationwith x at a ft%edtime t whilethefunctiong A can

%t
be interpretedas the variationwith t at a ftied x. Bothformsare
usedinfigures2 to 33..Whendeslingwithperturbationsnormalizedto
conditionsdimectlybehindtheshock(i.e.~ A( )2,#A( )2.o)y~tiPli-

cationby (u~t/x)l-ncmoe?%sa
forftied x.

.
PerturbationsatFixed

.
Letsubscript

directlybehindthe

solutionforf&ed t to a solution

Ut ‘sx forTimes l~-&~— U2

2,0 be consideredto representtheperturbation
shockattheinstantitpassesa fixedstationx



22

x
A

/‘s
T / ,2,d

,/
1

x
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.
endletmibscript2,d representthe
perturbationatthestationat a sub-
sequenttime. Conditionsdirectly .
behindtheshockcenbe foundby (a)
experimentaldetezmduationof ~

or AP2,O/PZ =d eq@ im (B2) or
(b)analyticaldeterminationof
@2,~P2 fr~ equatiou(9)(orfig.
4 fora air-airshocktube)and(B2).
Themibsequentperturbationsu then
be expressedasindicatedinthefol-
lowingsection.

The entropy perturbationmaybe writteninthefomn

1-2
%!)

whichisobtainedfromeqpations(B4),(B5),and(B3)by noting

(42,0)
‘A) ‘A

&z,. =(:rn=(;:+y
‘s

Otherperturbationsof interest

~z,d P2
P2 42,0 =

are

(’~qzd ‘2,d P2
r @2,0 - Cv

)42,0
(B7a)
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.
+,0 P2as5snd6. Theratio — canbe foundfromequation(B2).
U2 42,0

It isof titerestto imest@ate

forverystrongshocks.Assuming$—
_biO?lS(B2) show

thenatureof theperturbations

(Tl- l)%
>>1 ~d

2 >>1,eqy.a-

(B8)

whichdefinestheperturbationsdirectlybehindtheshock.Thestise-
quenttimevsriationoftheperturbationcanthenbe estimatedby con-

Ust us
sideringccnditionsattheccatactsurface,—x = %“ ‘orm ah-ah
shocktubeand ~ = 0(6),figures5 and6 tidicatethatatthecontact
surface

‘2,d = o
%,0

&2,d ~ ~

}

(B9)

42,0

Eqyations(B9) probablys&eapplicableforotherdrivergasesprovided
~ issufficientl.ylsrge(inordertomake p~a2Jp2a2 lszge) so that
region 3 hasonlya smalleffectonregion2. (Seesectiontitled
DiscussionofResults.) By useofeqyations(B9),
tionsatthecentactsurfaceare

theotherperturba-
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Thus,duringthetire?intervalbetweenpassageoftheshockandpassage
&2 d ~2,d

ofthecontactsurface,AP2~ remainsat.about1,
42 ~ P2 Ar112~ p&,o ‘mies ‘mm 1 ‘) &

too, ‘ —P2 42.0
v~ies fro’O to ~~~~> T — variesfrom1 to

2 AP2,0
tfc

experhent.

PerturbationsatTime t for x

I /

●

Whenthevariationswith
x at a fixedtime t srecon-
sidered,subscript2,0 repre- ●

sentsconditionsdirectlybe-
hindtheshockat a fixedtime
underconsideration.Theper-
turbatlcmequationshavethe
s- formas h theprevious
sectionexceptfor ‘2,d/%
whichisnowwritten

whichfollowsfrom

(42,01 ~A,tA=[$-n= ~::)

42,0
‘s

(Bll)

This modification is inagreemetiwiththediscussionassociatedwith
equation(B5),whichindicatesthata solutionfora fixedx cm be
convertedto a solutionfora ftied t by multiplyingtheformerby

()l-nx
q“
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Figure1. - Chmacteristtcl.ineBcontributingto pressureand velocityper-
turbationsat point d(x,t) behindshock.
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(a)Laminarboundarylayer.
Figure2. - Axialvarlatlon of pressureperturbationInregion2 at fixed
time. A~r-~ shocktube,Tl= T4= Tw ~ 5200R,
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(b) Turbulent boundar’g layer.

F@IV 2. - concluded. ~ial -Iatlon Of ~F.SSSUe perturbation h region ‘2 at fixed tirm. Air-~r ~hock ~be J

T1 - T4 - Tw - 520° R.
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(b) Turbulent

FIwe 3. - Concluded . Axial variation of velocity
tube, T1 - T4 - Tw - 520° R.

boundary layer.
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Mch number of mhockwave relative to UWJ., ~---
“.” 0 .a O.u

(a) LamiMr immimy L9.JEr.

W31re 4. - Attanuat.ion in air-air shock tiba (ref, 1, fig. S), T1 u T4 - 52@ R; Fmmitl number, 0.70; ratio or spwjfichate, 1.4.



Mach number of shack wave relatlm to well,~

(b) Turbulent ~ ~m.

-e ~. - C0mh3.d. Attenuation in Wr-alr shock tube (ref. 1, fig. 5). Tl - T& - 52& R; Pramltl number, O.70J ratiO
of specific heatB, 1.4. s!
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(u.t/x) -1

(a) Iaminer boundary layer.

Fi~re 5. - Time variation of pre66ure perturbation at fixed station x in region 2. dir-ah chock tube,
T1=T&=~=5200R.
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1
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(b)Turbulentboundarylayer.

Figure 5. - Concluded.Timevariationofpressureperturbationatfixed~tatlonx
inregion2. Air-airshocktube,T1- T4- Tw- 5@ R.
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(~t/x)-1

(a)Lamlnarboundarylayer.

Figure 6. - Timevarlatlonof velocityperturbationat fixedBtatlonx Inregion2.
Air-airshocktube,T1= T4. Tw. 52@ R.

.
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(~t/x)-1

(b) Turbulent boundary MYW.

Figure s. - Canoluded. Time variation of wloalty perturbat’icm at fixed station x
In region 2. M-air cimok tube> T1 - T4 - Tw - 5f@ R.
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t, sec

Fl@re 7. - Time veriation of pressure behind shock wave. Turbulentboundarylayer;T1 = T4 = ~ . 5200;
longitudinaldistanceFromdiapbr~, 8 feet;hydraulicdiameter,1/7 foot..
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(a)Laminarboundarylayer.

Figure8. - Pressure perturbations(atfixedinstantoftime)
behindweakwaves(eq.12(a)).Yl= Y4= 1.4;Tl= T40
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x/u~t

(b)Turbulentboundarylayer.

Figure8. - Concluded.Pressureperturbations(atfixed
instantofthe) behindweakwaves(eq.12(a)).
Yl= r~= 1.4;Tl= T4.
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x/u=t

[a) Laminarboundarylayer.

Figure9. - Velocityperturbations(atfixedinstant
behindweakwaves(eq.12(b)).T1= Y4= 1.4;
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oftime)

‘1= ‘4”
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0 .2 .4 .6 .8 1.0
x/u=t

(b)Turbulentboundarylayer.

Figure9. - Concluded. Velocityperturbations(at fixed
instantof time)behindweak waves(eq.12(b)).
rl= r4 = 1.4; ~1= ~4.

.
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(a) Lami.arboundary layer.
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10. - Time variationof pressureperturbations
~4 = 1.4; T1 = T4.

(at.fixedstation)behind we~ waves (eq. 12(a)). ~ I
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Figure
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(uat/x)-1

(a) Laminarbouudery layer.

Figure 11. - Time variationof velocityperturbation (at fixed station)behind weak naves (eq. 12(b)).
T1 = Y4 = 1.4; T1 = T4.
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(b) lhrbulant bundnry I.EWET.

Figoxe u, - C0ncJude6. !Mm variation of velocitiv pcmturbationa (at fixed atition) bebiti vaak wwas
(q. U?(b)). T1 - r4 = 1.4; T1 - T4.
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